The kits were killed at 2, 4, 6, 8 or 10 wk of age and the proxi mal, middle and distal intestine removed for analyses. Lactase activity was maximal at 4 wk and decreased to about 5% of this level during the following 2 wk. Cortisol treatment stimulated total lactase activity at 2 wk (170% that of controls, P < 0.05) and reduced this activity at 4 wk (20% that of controls, P < 0.001 ). Aminopeptidases N and A underwent their major de velopmental increases in activity at 4-6 wk and again, enzyme development was stimulated by cortisol. Other enzymes showed either a gradual increase (maltase), a slight decrease (dipeptidylpeptidase IV) or no consis tent change (sucrase) in activity with advancing age from 2 to 10 wk, but the activities remained highest in cortisol-treated kits. Treatment with ACTH en hanced the activity of all enzymes at 2 wk but had little effect thereafter. Intestinal hydrolases develop later in the mink and are sensitive to glucocorticoid induction for a longer period in postnatal life than in species such as rats, pigs or humans. The mink Â¡sa useful model in studies of the regulatory mechanisms which influ ence the development of intestinal brush border hy drolases.
INDEXING KEY WORDS:
â€¢cortisol â€¢development â€¢disaccharidase â€¢ intestine â€¢ mink At birth, carnivorous species are relatively imma ture and completely dependent on their mothers for nutrition and protection. In the mink (Mustela vison}, the kits are reared entirely by their mother for 4 wk and weaning normally takes place at 5-7 wk of age. At 14 wk of age, the body weight of mink kits is close to that of their mothers (Joergensen 1985) . In ferrets (Mustela putorius}, a close relative of mink, the imma ture intestinal cells take up macromolecules until the kits are 6 wk old (Clarke and Hardy 1970, Williams and Beck 1969) , whereas the period of macromolecule uptake lasts only 1-2 days in pigs (WestrÃ ¶m et al. 1984 ) and 3 wk in rats (Daniels et al. 1972) .
Previous studies indicate that the ontogenetic devel opment of intestinal brush border enzymes and their sensitivity to glucocorticoid stimulation may be a re flection of the developmental timing of birth and wean ing in each species (Henning et al. 1994 , Lamers et al. 1985 . The rat intestine is relatively immature at birth but develops rapidly after birth. The major develop mental changes in enzyme activity occur around the time of weaning at 3 wk, and many of the enzymes are sensitive to glucocorticoid stimulation shortly before and at this time (Henning et al. 1994 , Moog 1979 , Yeh et al. 1991a . The pig intestine is more mature at birth than the rat intestine, and the pig intestinal enzymes appear more sensitive to glucocorticoid stimulation be fore birth than after birth . It has also been suggested that brush border enzymes in hu mans are sensitive to glucocorticoid induction mainly in the fetal period because the predominant develop mental changes in enzyme activity occur at this time (Grand et al. 1976 , Henning et al. 1994 , Moog 1979 . In both rats and pigs, the stimulating effects of glucocorticoids appear to reflect a physiological mechanism and to be relatively independent of diet (Leeand Leben thal 1983 , Yeh et al. 1986 .
Although much research has been undertaken to elucidate the mechanisms of glucocorticoid induction of postnatal intestinal enzyme maturation in rats, it remains unclear why the effects are enzyme-specific, region-specific and age-specific. To cast further light on these questions, we used an animal species in which the intestine matures later than in both pigs and rats. During an extended period of postnatal development (2-10 wk), 7-d periods of cortisol and adrenocorticotropic hormone (ACTH)4 treatments were used to in vestigate the effects of highly elevated levels of (exoge nous) glucocorticoid and of a more moderate stimula tion of (endogenous) glucocorticoid levels, respectively. Total intestinal enzyme activities were expressed both in relation to metabolic body weight (kg075)and per gram intestinal tissue. This helped us evaluate the ef fects of age and treatment on a tissue basis as well as in relation to the metabolic demand of the animal.
MATERIALS AND METHODS
Animals and their treatment. One hundred ten mink kits from 20 litters (pastel color type, litter size = 4-7) were born and reared under farm conditions (Research Station R0rrendegard, Copenhagen, Den mark). Throughout the experiment, the kits (aged 0-10 wk) had free access to mother's milk, drinking water and a mink diet supplied for both mother and offspring (Stamp Laktation Foder, 317 g dry matter/kg feed and 527 g crude protein, 142 g crude fat, 25 g crude fiber and 126 g ashes/ kg dry matter; Stamp Fodercentral, Hejby, Denmark). The lactation diet ingredients con sisted of waste products from the fish and poultry in dustries (820 g/kg), grain products (120 g/kg) and water (60 g/kg). The mink kits started to consume small amounts of the mink diet at 4-5 wk of age. Detailed information on the voluntary intake of milk and solid food by developing mink is not available. At 4-6 wk of lactation, the fat concentration in mink milk increases (from 400 to 570 g/kg dry matter), while that of carbo hydrates decreases (from 250 to 120 g/kg dry matter) (Joergensen 1985) . The changes indicate that mink ap proach the end of their lactation period at about 6 wk postpartum and suggest that solid food may constitute 4 Abbreviations used: A mink, ACTH-treated mink; ACTH, adrenocorticotropic hormone; BWS activity, body weight specific activ ity,-C mink, cortisol acetate-treated mink; IWS activity, intestinal weight specific activity; O mink, untreated mink; OS mink, pooled untreated and saline-treated mink; S mink, saline-treated mink.
the main nutrient source for mink kits from 6 to 8 wk of age and onwards (Joergensen 1985) .
The 20 litters were randomly divided into five age groups each consisting of four litters which were 1, 3, 5, 7 or 9 wk old at the start of the experiment. Kits from each litter were marked individually by nail cut ting and divided into four treatment groups resulting in 4-7 kits per treatment at each age. Each of these groups had a similar gender distribution and was treated as follows: group O consisting of kits only han dled, group S consisting of kits treated with saline (NaCl, 9 g/L), group A consisting of kits treated with adrenocorticotropic hormone [ACTHi_24/ Synachthen Depot, kindly donated by Ciba-Geigy, Basel, Switzer land, 50 M8/(kgbody weight â€¢ d) dissolved in saline], and group C consisting of kits treated with cortisol 21-ace tate [Mecobenzon, Copenhagen, Denmark, 50 mg/(kg body weight-d) suspended in 50% glycerol]. In each group, the injection volume was 2.0 mL/kg body weight and the animals were injected intramuscularly for seven consecutive days between 0900 and 1000 h. The doses of cortisol acetate and ACTH were based on earlier studies in pigs (Chappie et al. 1989 , Sangild et al. 1991 . The experiments were conducted in accordance with the guide published by the National Research Council (1985) .
On d 7, the last day of treatment, the kits were weighed, anaesthetized by intramuscular injections of ketamine hydrochloride (50 mg/kg body weight; Ketaminol, Veterinaria AG, ZÃ¼rich, Switzerland) and xylazine (10 mg/kg body weight; Rompun, Bayer, Leverku sen, Germany) and bled by heart puncture within 3 min of the induction of anaesthesia. Blood was taken from the heart and collected into heparinized tubes; plasma was separated by centrifugation and stored at -20Â°Cuntil analysis.
The whole intestine was removed, dissected free of its mesentery, emptied of its contents and rinsed in physiological saline. The intestine was blotted dry on filter paper, weighed and its total length from the pylo rus to the anus was determined. The mink gastrointes tinal tract does not contain a large intestine which is distinguishable from a small intestine. The whole in testine was therefore divided into three parts of equal length and each section was stored frozen at -20Â°C until further analyses.
Analyses. Plasma cortisol concentrations were de termined by an immuno-fluorescence assay (Amerlite, Kodak Clinical Diagnostics, Amersham, England) de veloped for human plasma (Yaxley 1986 ) and adapted for mink plasma (Bilds0e et al. 1991) . The interassay CV was 5%. The cross-reactivity of the antiserum with other naturally occurring glucocorticoids (cortisone, 11-deoxycortisol, corticosterone) was <3%, whereas the cross-reactivity with synthetic cortisol 21-acetate was 20-40% (Sangild 1995) .
The intestines from the youngest mink kits were small and fragile (total weight 1-2 g);thus whole tissue was used for analysis for all animals rather than mucosai scrapings or isolated brush border membranes. Whole tissue analysis also enabled us to make more accurate estimations of the total hydrolytic capacity of the intestine. Each of the three frozen intestinal sec tions (proximal, middle, distal) was cut into fine pieces, extracted in 1% Triton X-100 (10.0 mL/g tissue), ho mogenized (20,000 rpm, 2 min, 0Â°QUltra Turax, IKALabortechnik, Stauten, Germany) and centrifuged (20,000 x g, 4Â°C, 60 min). The nonionic detergent Tri ton X-100 was used to solubilize the microvillus en zymes, and allowed us to use either the homogenate or the supernatant for enzyme analyses (S0rensen et al. 1982) .
Tissue protein contents were measured in homogenates by the method of Lowry et al. (1951) . Similarly, disaccharidase activities were measured in homogenates using disaccharide substrates (28 mmol/L) and sodium malÃ©atepH 6.0 (50 mmol/L) as buffer in the reaction mixture (37Â°C, 30 min). The liberated glucose was determined spectrophotometrically at 492 nm (EAR 400 AT, SLT, Austria) using a glucose-oxidase kit (510-A, Sigma, St. Louis, MO). One activity unit (U) was equal to one //mol substrate hydrolysed per min. Lactase activity [(specific for lactase-phlorizin hydrolase (EC 3.2.1.23-62)] was measured using lactose (Merck, Darmstadt, Germany) as substrate. Maltase ac tivity which arises from both sucrase-isomaltase (EC 3.2.1.48-10) and maltase-glucoamylase (EC 3.2.1.20) was measured with glucose-free maltose (Merck) as substrate. Sucrase-isomaltase accounts for about 80% of the total maltase activity in the adult pig intestine (Sorensen et al. 1982) . The sucrase activity (specific for sucrase-isomaltase) was determined using sucrose (BDH, Poole, UK) as substrate.
Peptidase activities were measured spectrophoto metrically in the extract supernatants at 410 nm (Cobas FarÃ , Roche, Switzerland) using specific nitroanilide substrates (SjÃ ¶strÃ ¶m et al. 1978) . Aminopeptidase N (EC 3.4.11.2) activity was measured with 10 mmol/ L L-alanine-4-nitroanilide (Merck) as substrate and 50 mmol/L Tris-HCl, pH 7.3 as buffer. Dipeptidylpeptidase IV (EC 3.4.14.5) activity was measured with 15 mmol/L glycyl-L-proline-4-nitro-anilide (Bachern, Bu bendorf, Switzerland) as substrate and 50 mmol/L TrisHCl, pH 8.0 as buffer. Aminopeptidase A (EC 3.4.11.7) activity was measured with 10 mmol/L a-L-glutamic acid 4-nitroanilide (synthesized at the Institute of Pro tein Chemistry, Horsholm, Denmark) as substrate and 50 mmol/L Tris-HCl, pH 8.0 as buffer.
The enzyme activities were measured for each of the three intestinal regions. The total enzymic capacity of the intestine were calculated and expressed in relation to metabolic body weight (kg0 7S)or to intestinal weight (g). The body weight specific (BWS) activity was used as an estimate of the total intestinal hydrolase capacity in relation to the metabolic demand; the intestinal weight specific (IWS) activity was used to indicate the average hydrolytic activity along the intestine.
Means Â±SEMare given throughout. Statistical analy sis of the data was performed using ANOVA with a linear statistical model including the following four ef fects in the model: 1} age (2, 4, 6, 8, 10 wk), 2) treatment (O, S, A, C), 3) litter nested within age, and 4} age x treatment interaction. For variables which did not show homogenous experimental errors (e.g., body weight and plasma cortisol, Table 1 ), a logarithmic transformation of data was performed before ANOVA. Significant differ ences (P < 0.05) between two individual age groups or treatment groups were tested by Student's i test. Statis tical analyses of the enzyme values were performed for the individual intestinal regions (proximal, middle, dis tal) and for the total intestine. A software package (SAS/ STAT Version 6.03, SAS Institute, Cary, NC) was used in the statistical computations.
RESULTS
Cortisol. There were no significant differences be tween the two control groups (groups O and S) for plasma cortisol or for any other criteria (P > 0.05). The results from these two groups were therefore pooled and treated as results from one control group (group OS). The cortisol concentrations (logarithmically transformed data) did not change significantly with age in the control group (Table 1) , but there was significant age X treatment interaction. Mean plasma cortisol was significantly greater in the cortisol acetate-treated mink compared with the control mink; the stimulation was greatest at 2-4 wk of age (5-to 15-fold, P < 0.01). It should be noted, however, that the total circulating glucocorticoid activity (endogenous + exogenous glucocorticoids) in cortisol acetate-treated kits was un derestimated because the cortisol antiserum showed only partial cross-reactivity with cortisol 21-acetate. At the time of killing, mean plasma cortisol concentra tions in mink kits treated for 1 wk with ACTH were similar to those in control kits at 2-6 wk of age but significantly elevated at 10 wk of age (Table 1) .
Growth. During the first 4 wk after birth, the growth rate was significantly lower in mink kits treated with cortisol acetate as indicated by the low ered body weight at 2 and 4 wk in this group (Table 1) . Multifactor ANOVA analysis of the data for the length and weight of the intestine showed significant effects of age and treatment for both criteria. Cortisol treat ment increased the length and the weight of the small intestine at all ages except at 4 wk (Table 1) . Treatment with ACTH resulted in greater intestinal length at 2 wk but not at subsequent ages. Similarly, it was only at 2 wk that both ACTH and cortisol acetate were assocated with significantly elevated protein concen tration in the small intestine (Table 1) . At this time, FIGURE 1 Body weight specific (BWS) disaccharidase (lactase, maltase, sucrase) and peptidase (aminopeptidase N, aminopeptidase A, dipeptidylpeptidase IV) activities in the intestine of control mink kits and mink kits treated for 7 d with adrenocorticotropic hormone (ACTH) or cortisol acetate (Cortisol Ac) (means Â±SEM,n = 5-11). Activities are expressed in enzyme units (U; 1 /Â¿molsubstrate hydrolyzed per min at 37Â°C)per kg metabolic body weight (kg body weight075). There were significant effects of age, treatment and litter on all six enzyme activities and significant age X treatment effects for lactase and sucrase activities (P < 0.05, ANOVA). 'Significant differences |P < 0.05, t test) between age group means in control mink and in mink treated with ACTH or cortisol acetate.
Aminopeptidases
N and A. The activity of both aminopeptidases increased dramatically from 4 to 6 wk of age in control mink kits and reached a plateau at 6-10 wk (Fig. 1, 2 ). Treatment with ACTH had a stimulat ing effect in 2-wk-old mink. Cortisol acetate treatment stimulated the total BWS activity of aminopeptidase N and, to a lesser extent aminopeptidase A, during the entire 2-to 10-wk experimental period (Fig. 1 , signifi cant treatment effects but no age x treatment interac tion). Expressed on an intestinal tissue basis, however, cortisol acetate exerted a much more pronounced effect on IWS aminopeptidase activities at 2 and 4 wk than at subsequent ages (Fig. 2 ) (significant effects of treatment and age x treatment interaction on IWS activity). The treatment effects were similar in each of the three intes tinal regions. In control animals, the IWS activity across age groups did not differ among the three intestinal re gions for aminopeptidase N, whereas for aminopepti dase A, the activity in the middle region (5.60 Â±0.63 U/g) was significantly higher than that in the proximal (3.76 Â±0.44 U/g) or distal region (2.33 Â±0.26 U/g). Dipeptidylpeptidase IV. The activity of dipeptidyl peptidase rV first increased (from 2 to 4 wk) and then decreased from 4 to 10 wk of age (Fig. 1, 2) . Across age groups, there was a significant stimulating effect of both ACTH and cortisol acetate on dipeptidylpeptidase rV activity. However, there were also significant inter actions of age and treatment for both BWS and IWS activities due to the more pronounced effects of treat ment during the increasing phase of the activity curve (ages 2 and 4 wk) with little or no effect once the activ ity started to decline (6-10 wk). The treatment effects on the BWS activity at 6-10 wk of age (Fig. 1) resulted mainly from the stimulated intestinal growth during this period (Table 1 ). There was no apparent variation in the effects of treatment among different intestinal regions. However, in control mink, dipeptidylpeptidase IV activity showed a clear proximal to distal gradient with significantly higher activity in the distal intestine (11.49 Â±1.21 U/g) than in the middle (8.47 Â±0.51 U/ g) and proximal (5.01 Â±0.49 U/g) parts.
DISCUSSION
The development and adaptation of digestive func tion are essential for the survival and growth of new- FIGURE 2 Intestinal weight specific (IWS) disaccharidase (lactase, maltase, sucrase| and peptidase (aminopeptidase N, aminopeptidase A, dipeptidylpeptidase IV) activities in the intestine of control mink kits and mink kits treated for 7 d with adrenocorticotropic hormone (ACTH) or cortisol acetate (Cortisol Ac) (means Â±SEM,n = 5-11). Activities are expressed in enzyme units (U, 1 //mol substrate hydrolyzed per min at 37Â°C) per g intestinal weight. There were significant effects of age, treatment and litter on all six enzyme activities and also significant age x treatment effects (except for maltase activity) (P < 0.05, ANOVA). 'Significant differences (P < 0.05, t test) between age group means in control mink and in mink treated with ACTH or cortisol acetate.
born mammals. In the present study on mink kits, the developmental changes in hydrolase activities and the effects of exogenous glucocorticoids were most pro nounced slightly before and during the time of weaning (4-6 wk). At later ages (6-10 wk), the enhanced total enzyme activity was explained mainly by an effect on intestinal growth with limited effects on the mucosal enzyme activity at the different sites of the intestine. The later development and glucocorticoid respon siveness of intestinal hydrolases in the mink than in pigs (Chappie et al. 1989 , Kreikemeier et al. 1990 and rats (Henning 1987 , Moog 1979 , Yeh et al. 1991a ) is consistent with a relatively late developmental timing of birth and weaning in this spe cies.
Marked developmental changes in enzyme activity and distribution occurred during a period when the mink kits consumed decreasing amounts of milk and increasing amounts of solid food (4-6 wk of age). The transition from milk to solid food has not been studied in detail in mink, but the possibility that the rapid enzymic changes at 4-6 wk of age are in part stimu lated by dietary changes cannot be excluded. On the other hand, a series of studies in rats and pigs (Henning 1987 , Lamers et al. 1985 , Lee and Lebenthal 1983 , Yeh et al. 1986 ) suggest that diet is not a major determinant of enzymic changes in the immature mammalian intestine and that genetic and endocrine factors are more important during early de velopment. This hypothesis is confirmed by the pres ent observation that both exogenous and endogenous glucocorticoids exerted the most pronounced effect on the mink intestinal enzymes before the age at which mink kits started to ingest any notable amounts of solid food.
The study indicates that the mink is an excellent animal model for further studies on the regulatory mechanisms involved in the developmental increase and decline of lactase activity. The pronounced preco cious lactase decrease in 2-to 4-wk-old glucocorticoidtreated mink kits is in contrast with the variable effects of exogenous glucocorticoids on the lactase decline in suckling rats (Henning and Leeper 1982, Majumdar 1981) and pigs (Chappie et al. 1989 , Kreikemeier et al. 1990 . It was also surprising that the total lactase activ ity was not higher in the proximal part of the intestine as shown in other species. The glucocorticoid-related stimulation of lactase activity in 2-wk-old mink kits is in agreement with the elevated lactase activity ob served in rats and pigs subjected to glucocorticoid treat ment during early development, i.e., before or at birth (Majumdar and Nielsen 1985, Sangild et al. 1995) . The fact that cortisol had its greatest effects in the distal intestine at 2 wk may reflect the maturation of the intestine in a proximal to distal direction with the dis tal part thus containing the most immature enterocytes.
Although exogenous glucocorticoids were very effec tive in stimulating the lactase decline, it cannot be excluded that other hormones, e.g., thyroid hormones, are equally important, as suggested from studies in rats (Yeh et al. 1991a and 1991b) . It would be interesting to know whether the normal and glucocorticoid-induced declines in lactase activity are caused by a transcriptional down-regulation of the lactase-phlorizin pro moter or reflect posttranslational modifications which render newly synthesized lactase moieties inactive. Both mechanisms have been suggested to be involved in the postnatal down-regulation of lactase activity in pigs and rodents (BÃ¼ller et al. 1990 , Troelsen et al. 1992 . In addition, it should be investigated to what extent the enzymic changes are determined by changes in the mucosal structure (villus, crypt) and by enterocyte migration and replacement.
The developmental profiles for maltase and aminopeptidase activities were similar, and the period of maximal glucocorticoid responsiveness occurred at 2-4 wk of age. Aminopeptidase N, maltase and sucrase maintained some glucocorticoid sensitivity, albeit at a lower level, in kits from 6 to 10 wk of age, whereas lactase, aminopeptidase A and dipeptidylpeptidase IV activities per gram intestinal weight showed no change in response to glucocorticoid treatment from 6 to 10 wk. The loss of glucocorticoid responsiveness appears to occur more gradually in the mink than in the rat (Henning and Leeper 1982) , and this may reflect the relatively long time span over which intestinal matura tion occurs in the mink. A "narrow window of gluco corticoid responsiveness" (Henning 1987 ) may thus be restricted to species in which enzymic development occurs very abruptly around the time of weaning.
Sucrase activity in mink kits did not undergo a rapid developmental increase concomitant with the lactase decline as shown for rat pups (Henning and Leeper 1982) . This may be related to the fact that adult minks are carnivores and thus have a limited demand for di gestive enzymes such as sucrase and maltase-glucoamylase. More likely, the aminopeptidases could be rate-limiting enzymes for the hydrolysis of intestinal nutrients in developing mink. Enzymic development in mink may be controlled by replacement of one popu lation of immature villus cells bearing "neonatal en zymes" (e.g., lactase-phlorizin hydrolase and dipeptidyl peptidase IV) with another bearing "adult enzymes" (e.g., maltase-glucoamylase and aminopeptidases) as suggested for rats (Henning 1987) . However, the ageand glucocorticoid-related changes in enzyme activity in the mink intestine may also result from changes in the fundamental biochemistry of existing enterocytes with regulation occurring at the transcriptional level for each individual enzyme. This hypothesis is consis tent with the observation that the two enzymes which decreased with age, lactase and dipeptidylpeptidase IV, were quite differently affected by glucocorticoid treat ment (a hastened vs. a delayed development, respec tively). This observation is particularly surprising be cause the genes encoding lactase-phlorizin hydrolase and dipeptidylpeptidase IV have been found relatively close to each other on the same chromosome in both pigs (chromosome 15) and humans (chromosome 2) (Thomsen et al. 1993 and 1995) . In fetal pigs, exogenous glucocorticoids also stimulated the developmental in crease in lactase activity without any effect on dipepti dylpeptidase IV activity . Appar ently, the physical proximity of the lactase and dipepti dylpeptidase rv genes has not resulted in a similar cellular or molecular response to glucocorticoid stimu lation.
From the results of the present study, it cannot be conclusively deduced that the effects of cortisol acetate on intestinal enzymes reflect a physiological mecha nism. The daily ACTH injections had much less effect on enzyme activity than the cortisol acetate injections. However, the stimulating effects of ACTH on the vari ous enzyme activities in 2-wk-old kits were consistent and may reflect the higher sensitivity of the adrenal cortex to ACTH stimulation at this age compared with later ages (Elnif and Sangild 1996) . The timing of the ACTH and cortisol effects indicates that the intestinal brush border enzymes are very responsive to glucocor ticoid induction during a period (around 4 wk of age) when the adrenal sensitivity to ACTH and stress is lowered (Elnif and Sangild 1996) . Rats have a similar stress hyporesponsive period at 1-2 wk of age (Walker et al. 1986 ), and at this time the intestine expresses its maximal number of glucocorticoid receptors (Henning et al. 1975) . A similar mechanism may account for the high sensitivity of the mink intestine to endogenous and particularly, exogenous glucocorticoids at 2-4 wk of age. Studies on adrenalectomized mink kits and kits treated with anti-glucocorticoid drugs (inhibiting glu cocorticoid release or glucocorticoid receptors) are re quired before we know whether endogenous glucocorti coid secretion plays an important role in the postnatal development of the mink intestine.
Glucocorticoids are powerful regulators of gastroin testinal function during mammalian development. The timing of glucocorticoid sensitivity depends on the de velopmental timing of birth and weaning in that it oc curs mainly before or at birth in early developing spe cies (pigs, humans) and predominantly around weaning in late developing species (rats, mink). The distinct de velopmental changes and the consistent response to glucocorticoids in mink kits, make the mink an attrae-tive model for further studies on the regulatory systems influencing intestinal maturation.
LITERATURE CITED
